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SUMMARY

This report addresses the environmental aspect of
elevated temperature and how it relates to the science
of strain gage calibrations of aircraft structures. A sec-
tion of a wing designed for a high-speed aircraft struc-
ture was used to study this problem. This structure was
instrumented with strain gages calibrated at both ele-
vated and room temperatures.

Load equations derived from a high-temperature
load calibration were compared with equations derived
from an identical load calibration at room tempera-
ture. The implications of the high temperature load
calibration were studied from the viewpoint of applica-
bility and necessity. Load equations derived from the
room temperature load calibration resulted in generally
lower equation standard errors than equations derived
from the elevated temperature load calibration. A dis-
tributed load was applied to the structure at elevated
temperature and strain gage outputs were measured.
This applied load was then calculated using equations
derived from both the room temperature and elevated
temperature calibration data. It was found that no sig-
nificant differences between the two equation systems
existed in terms of computing this applied distributed
load, as long as the thermal shifts resulting from ther-
mal stresses could be identified. This identification re-
quires a heating of the structure. Therefore, it is con-
cluded that for this structure, a high temperature load
calibration is not required, however, a heating of the
structure is required to determine thermal shifts.

INTRODUCTION

Measurement of aircraft loads with calibrated
strain gages is a technology that emerged in the 1940s
and was presented in a unified approach in 1954
(ref. 1). As aircraft structures, configurations, and en-
vironments have changed, additional techniques have
been added to the general approach. This report ad-
dresses the impact of elevated temperature on the sci-
ence of strain gage calibrations of aircraft structures.
Because the elevated temperature environment can
cause material property degradation and the nonuni-
form temperature distribution in the structure can in-
duce thermal stresses, the validity of applying a room
temperature load calibration to a heated structure must
be examined.

A section of a wing designed for a high-speed
aircraft structure (ref. 2) was used to study this prob-
lem. This structure was instrumented with strain gages
that were calibrated at both elevated and room tem-
peratures. Resulting load equations were examined to
determine the impact of elevated temperatures on the
accuracy of the load equations.

NOMENCLATURE

The physical quantities in this report are given in
both the Intemational System of Units (SI) and U.S.
Customary Units. Measurements were made in Cus-
tomary Units. Physical constants and conversion fac-
tors are given in reference 3.

b wingspan, m (in.)

c wing chord, m (in.)

FS fusclage station

HWTS hypersonic wing test structure

L generalized load: shear, bending moment,
or torque

T T-value

WS wing station

X axis in chord direction

Y axis in span direction

B constant in load equation

€ strain

7 nondimensional span location of the
applied load, 2y/b

I nondimensional strain gage bridge
response

13 nondimensional span location of the

applied load, x/c

Subscripts:

1,2,3,...,j  order of terms’ appearance in load

equation
) discrete function

INSTRUMENTATION AND
TEST PROCEDURES

Test Article

The planform of a high-speed airplane and the
portion of the wing that is used as a test structure are



shown in figure 1. The test-structure design is based
on mission loads and temperatures calculated for the
structure concept presented in reference 2. The wing is
a complex delta configuration having a planform area
of 85 ft?. The shape and dimensions of the structure
with a transition section can be seen in figure 2.

The structure with heat shields installed is shown
in figure 3. The wing was cantilevered from wing sta-
tion (WS) 42 and was tested inverted, so the compres-
sively loaded surface of the actual vehicle was on the
lower surface of the test structure. The transition sec-
tion, which is not part of the aircraft design, was in-
cluded in the tests to provide a buffer between the sup-
port structure and the test portion of the wing.

The structure is primarily constructed of Rene’41
material and has six spars perpendicular to the aircraft
centerline. The spar webs and adjoining rib webs have
sine wave corrugations to allow for thermal expansion
(ref. 2). Spanwise-stiffened, beaded panels cover this
substructure. Heat shields are attached to the upper
and lower surfaces of the structure with Z-shaped clips.
These shields are slightly corrugated in the chordwise
direction. Heat shield extensions were also provided
around the boundaries of the test structure to improve
the simulation of the heating of the outer spar and
rib webs.

Instrumentation

Strain Gages

The load measurement instrumentation consisted
of 12 four-active-arm strain gage bridges, 6 bending
bridges and 6 shear bridges. The strain gages used
were a foil type and are located as shown in figure 4.

The bending bridges are configured with two half-
bridges, one half-bridge on the upper spar cap and one
on the lower spar cap, wired together to form a four-
active-arm bridge. Each of the half-bridges is wired
in a T configuration to provide temperature compensa-
tion. A typical installation of a half-bridge is shown in
figure 5(a).

The shear bridges are typically configured at 45°
to the X-Y plane and are located on the spar webs mid-
way between the upper and lower spar caps. A typical
installation is shown in figure 5(b).

The accuracy of the data acquisition system for
strain gage measurements was +4.88 microstrain,
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which represents 0.3 percent of the strain gage cali-
bration output.

Thermocouples

Control thermocouples were installed on the heat
shield at 14 locations on the upper surface and 10 lo-
cations on the lower surface. These thermocouples
provided temperature control feedback in 24 zones,
as shown in figure 6. Also shown in figure 6 are the
locations of 13 monitor thermocouples. These were
installed to determine the uniformity of temperatures
reached in the zones that heated the strain gages to
be calibrated.

Test Setup

Heating System

The test structure was heated using quartz lamps
attached to water-cooled aluminum reflectors as shown
in figure 7. The heating was controlled using analog
temperature control equipment (ref. 4). Temperatures
were controlled in 10 zones on the lower heater and
14 zones on the upper heater. This was accomplished
by using a control thermocouple located on the heat
shield in each zone. The zone and thermocouple ar-
rangements are shown in figure 6.

Since only 24 channels of heating were available
for the calibration, the heating zones (fig. 6) are large.
These large zones cause difficulty in providing a uni-
form temperature throughout the zone, because only
the control thermocouple location is forced to the pro-
grammed temperature. Temperatures at the control and
monitor thermocouples in the area of the strain gages
indicate this lack of uniformity. The maximum tem-
peratures at the strain gages also indicate this lack of
uniformity. The maximum temperatures at the strain
gage shear bridges and at the upper and lower halves of
the bending bridges are shown in table 1. Heat losses
at the edges of the heaters caused the temperatures to
drop off approximately 100°F at the forward and aft
strain gage locations.

The temperatures shown on figure 6 are maxi-
mums reached during the two calibration runs. Fig-
ure 6(a) shows the temperatures on the upper portion
of the wing. Figure 6(b) shows temperatures reached
on the lower portion of the wing.



Loading system

Ten channels of closed-loop electrohydraulic
equipment, as described in reference S, were used to
apply vertical loads to the test structure at the locations
shown in figure 4. These loads were applied individ-
ually for the strain gage calibration. Distributed loads
were applied by connecting 16 of the load points with
two-point whiffletrees, so that the 10 hydraulic jacks
could apply loads at 18 points simultaneously.

Load transducers of various capacities were used
to measure the forces applied to the structure. The ac-
curacy of the loading data was governed primarily by
the accuracy of these transducers. Inaccuracies from
all other sources (for example, jack positioning and the
data acquisition system) were considered to be negli-
gible. The estimated accuracy of the load transducers
was as follows:

Load transducer
capacity, 1b
10,000
5,000

Accuracy, 1b
+25
+12.5

Further information on the instrumentation and load-
ing equipment may be found in reference 5.

Test Procedure

Original room temperature tests outlined in refer-
ence 5 provided the baseline for this study. Three ad-
ditional tests were performed at elevated temperatures.
Two tests using single-point vertical loads applied at
different spanwise and chordwise locations were used
to calibrate the strain gages, and one test using a set of
simultaneously applied single-point loads was used to
check load equation accuracy. Locations of the points
at which calibration loads were applied is shown in
figure 4. Table 2 shows the strain gage calibration load-
ing sequence.

The test structure was heated to and held at S50°F,
as measured on the heat shields. Sufficient time was al-
lowed for the internal temperatures to stabilize. (Sta-
bilization was that point at which the internal tempera-
tures had essentially stopped increasing and the strain
gage outputs had essentially ceased to change. This
technique was used so that any temperature change
during loading would have little effect on the output of
the strain gages.) Load points 1, 3, 5,7, 9, 11, 13, 15,
16, and 17 were then loaded individually from zero to

2000 pounds and back to zero (see table 2). The struc-
ture was allowed to cool and eight of the jacks were
relocated for the final eight points. The structure was
reheated, as stated previously, and then points 2, 4, 6,
8, 10, 12, 14, and 18 were loaded in the same manner
as the first 10 points.

The elevated temperature check loading was ap-
plied at all 18 load points simultaneously. Sixteen of
the points were loaded through two-point whiffletrees.
This loading results in a midchord center of pressure.
The load applied at each point was 2000 pounds.

A similar method of loading was used in the room
temperature calibration of reference 6. Data from this
calibration are used in the room temperature calcula-
tions of this report.

Load Equations

The standard calibration procedure described in
references 1 and 8 was used for these tests. Equa-
tions expressing the applied loads as linear functions of
the corresponding recorded strain gage bridge outputs
are derived by solving the following type of matrix
equation:

Lj = [p;il{Bi} (D

where L; is the jth calibration load, p;; is the ith strain
gage output for the jth calibration load, and g; is the
ith equation coefficient to be determined. The equa-
tion coefficients §; are obtained from equation (1) by
regression techniques (least squares estimate of 5;).

The errors involved in performing this analysis
(that is, the difference between the calibration load
and calculated load using G;) are calculated as follows
(ref. 7):

21 KjiBi)
m-—n

(2)
where n is the number of strain gages and m is the
number of load conditions.

The number of bridges used in an equation can be
successfully reduced by use of the T-value method rec-
ommended in reference 8 and described in reference 7.
T values are defined as

standard error of the equation = f L~

;= % 3

standard error of the coefficient




where T; is the T-value and S; is the equation coeffi-
cient. The standard error of the coefficient is obtained
as follows (ref. 1):

Standard error of the coefficient = | /m;; (4

where m;; is a diagonal element of a matrix formed
from matrix product [[u,-,-]T[uj;]]‘l. The number
of bridges is then reduced by eliminating those with
the smallest T-values (irrelevant bridges and redundant
bridges). Each time a bridge is discarded, a new equa-
tion is derived from the remaining bridges, and new T-
values are calculated. This process was used to reduce
12 bridge equations to 2 bridge equations for shear,
bending, and torque. The process is also used to exam-
ine the accuracy variations of the load equations when
reducing the number of bridges in the equation.

Figure 8 shows the increasing error for both the
room temperature and elevated temperature cases, as
the number of bridges in a load equation is reduced.
The smallest errors occur in equations with 12 to 6
bridges. As stated in reference 7, these small errors are
procedural errors that include data acquisition errors,
load point location errors, and local loading effects.

Equation coefficients 3; were derived for each of
the room temperature and elevated temperature load
equations.

RESULTS AND DISCUSSIONS
Influence Coefficients

Influence coefficient plots are a concise way of
presenting the responses of individual strain gages to
a unit applied load as a function of the spanwise and
chordwise location. A plot of this nature is useful
in determining whether a particular bridge is affected
predominantly by shear, bending moment, or torsion
loads, by a combination of two, or even by all three.

The influence coefficient plot of a single strain
gage bridge, such as the ith bridge, is the variation
of the strain per unit load for loads at various span-
wise and chordwise locations, and can be expressed
as follows:

(:'{/L = fi(nxf)

where ¢; is the strain at the ith bridge due to the ap-
plied load L, n is the nondimensional spanwise loca-
tion of the applied load (n = 2y/b), and £ is the
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nondimensional chordwise location of the applied load
(E=1z/c).

An ideal shear bridge influence coefficient would
have a constant value regardless of the spanwise or
chordwise location of the load. This would indicate
no response to bending or torque. The ideal plot of
bending-bridge influence coefficient as a function of
span would take the shape of the load points. Since
ideal responses are rare, the influence coefficient plots
tend to show the combined effects of shear, bending
moment, and torsion loads. Combining strain gage
bridges into an equation attempts to create an ideal
or nearly ideal response. Figure 9 depicts the ideal
shear, bending moment, and torque influence coeffi-
cient plots.

Influence coefficients for an elevated temperature
calibration were calculated, and these values compared
to influence coefficients obtained from a room tem-
perature calibration (ref. 6). Influence coefficients for
six bending bridges and six shear bridges are shown
in figures 10 and 11. These data show similar trends
for both room temperature and elevated temperature
conditions, but the value of the influence coefficients
and their slopes differ slightly between the two load
calibrations. Slight differences are expected because
nonuniform elastic modulus degradation with temper-
ature would result in (1) generally increased strain lev-
els to compensate for generally decreased elastic mod-
ulus values and (2) a nominal amount of increased
strain values resulting from load path changes. The
gage factor of the strain gages changes with tempera-
ture, and finally, the beaded panels deform as a result
of the changing thermal conditions.

Load Equation Accuracy

The derived equation coefficients 3;, used to cal-
culate the loads, are shown in tables 3 and 4. Table 3
lists coefficients for the room temperature equations,
and table 4 lists coefficients for elevated temperature
equations.

The plots of figure 8 show the difference in stan-
dard error between room temperature equations and
elevated temperature equations. The shear equations
show that room temperature equations containing from
12 to 6 bridges have a smaller standard error than the
elevated temperature equations. The 5-bridge equa-
tion has the same standard error, while the 4-bridge,
3-bridge, and 2-bridge equations show a smaller stan-



dard error for the elevated temperature equations. In
the case of the bending equations (fig. 8(b)), there is a
smaller standard error for room temperature equations
from 12 to 3 bridges, with the elevated temperature
equation showing less error for the 2-bridge equation.
The torque equations in figure 8(c) show a smaller
standard error for the room temperature equations in
all cases.

To assess the ability of the equations to calculate
loads applied to the structure, a load distribution was
applied to the structure that was independent of the
point-by-point calibration loading. This check loading
was applied after the test structure had been stabilized
at the elevated temperature. The distributed loading
is depicted in figure 12 and represents a midplanform
center of pressure.

As the structure was heated, thermal stresses
caused the strain gage bridges to produce outputs. The
value of this output at elevated temperature with no
load applied to the structure is called thermal shift.
These thermal shifts are subtracted from the bridge
output at load and temperature to obtain the true output
due to load only. These true values are then entered in
the room temperature and elevated temperature equa-
tions to produce the calculated loads.

The thermal stresses measured in this test were
small because loading was performed at quasi-
equilibrium temperatures and the design of the test ar-
ticle minimized thermal stress. The thermal shift in
thermal outputs of the strain gage bridges may be sig-
nificantly higher for dynamic temperature distributions
and other structural designs.

The results of the multiple-point check loading
(distributed load) are shown in figure 13. This fig-
ure shows that in most cases the equations derived
using room temperature loading produce results that
are closer in value to the actual applied load than the
loads calculated using the elevated temperature equa-
tions. The exceptions are the 4-bridge, 5-bridge, and 6-
bridge bending-moment equations. In these cases the
elevated temperature equations show only a few per-
cent improvement. Also shown in figure 13 is the in-
creased deviation from applied load when the thermal
shift is not used to correct the strain gage outputs at
elevated temperature.

The difference in the results for the room temper-
ature equations and the elevated temperature equations
is of litde practical significance. Hence, it must be con-

cluded that the room temperature load calibration can
be used satisfactorily at elevated temperature for this
structure.

Load Equation Influence Coefficients

Influence coefficients for complete load equations
were computed using the method in reference 8. These
are shown as equation influence coefficient plots in fig-
ures 14 to 16. The perfect shear expression would ap-
pear as a horizontal line, with all chord lines falling
on top of each other, indicating no response to bend-
ing or torsion. A perfect bending response would be a
straight, sloping line passing through the origin with all
chord lines falling on top of each other. A perfect tor-
sion equation would have an influence coefficient plot
that possesses the same shape as the planform of the
constant chord lines. As can be seen from the equation
coefficient plots, the deviation from the ideal situation
increases as the number of strain gage bridges in the
equation is reduced.

CONCLUDING REMARKS

A strain gage load calibration was conducted on
a representative part of a wing structure designed for
high-temperature flight applications. Load equations
were derived from a high-temperature load calibra-
tion, and these load equations were compared to load
equations derived from a room temperature calibra-
tion on the same structure. The implications of the
high-temperature load calibration were studied from
the viewpoint of applicability and necessity.

Load equations derived from the room tempera-
ture load calibration resulted in generally lower equa-
tion standard errors than equations derived from the
clevated temperature load calibration. A distributed
load was applied to the structure at elevated temper-
ature and strain gage outputs were mecasured to as-
sess whether it is necessary to calibrate this struc-
ture at clevated temperature. The applied load was
then calculated with equations derived from both the
room temperature and elevated temperature calibration
data. It was found that no significant differences be-
tween the two equation systems existed in terms of
computing this applied distributed load, as long as the
thermal shifts are taken into account. The identifi-
cation of these thermal shifts requires that the struc-
ture be heated. Therefore, for this structure, a high-



temperature load calibration is not required; however,
a heating of the structure is required to determine ther-
mal shifts.

Ames Research Center

Dryden Flight Research Facility

National Aeronautics and Space Administration
Edwards, California, April 30, 1987
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TABLE 1. MAXIMUM TEMPERATURES AT STRAIN GAGE LOCATIONS

Strain gage bridge number
104 105 304 305 504 505 704 705 904 905 1104 1105

Location Strain gage bridge temperatures, °F
Upper bending bridge 388 471 487 484 480 372
Lower bending bridge 341 446 464 439 439 331
Shear bridge 374 437 460 464 435 352




TABLE 2. HWTS STRAIN GAGE
CALIBRATION LOAD SCHEDULE

(2000 1b/load point)
Test number Runnumber Load point

1 1 1
2 3
3 5
4 7
5 9
6 11
7 13
8 15
9 16
10 17

2 11 2
12 4
13 6
14 8
15 10
16 12
17 14
18 16

3 (Check load) 1to 18

TABLE 3. LOAD EQUATION COEFFICIENTS DERIVED FROM ROOM TEMPERATURE DATA
(a) Coefficients for measuring shear

Strain gage Number of strain gage bridges
bridge 12 11 10 9 8 7 6 5 4 3 2
number Shear, 1b/u

104 275 2.65 4.11 382 306 — _ — — — —
105 741 746 726 720 742 896 11.24 1144 1375 19.57 17.32
304 312 425 — — — — — — — — —
305 697 672 758 755 6.68 582 — — — — —
504 272 — - — — — — — — — —
505 758 812 7.83 792 1130 1073 1465 13.11 — - —
704 410 522 774 934 1223 1927 1887 1527 1561 — —
705 727 6.87 628 582 — — — — — — —
904 408 456 452 — —_ — — — — — —
905 654 648 6.68 7.85 10.76 1038 9.87 15.11 1948 1849 —
1104 354 348 357 586 579 491 554 907 942 1421 1520
1105 678 6.82 677 594 544 597 583 — — — —
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TABLE 4. LOAD EQUATION COEFFICIENTS DERIVED FROM ELEVATED TEMPERATURE DATA
(a) Coefficients for measuring shear

Strain gage Number of strain gage bridges
bridge 12 11 10 9 8 7 6 5 4 3 2
number Torque, in.-1b/u
104 023 — — — — — — — — — —
105 833 839 830 798 812 10.19 1012 11.18 1643 1847 1752
304 7.35 802 792 1420 1322 1262 13.10 934 — — —
305 526 514 518 517 569 — — — — —
504 1.60 131 — — — — — — — — —
505 897 9.02 924 9.08 902 13.70 1635 14.89 1439 — —
704 707 709 858 — — — — — — — —
705 539 542 473 653 708 498 — — — — —
904 -3.91 -404 -453 -438 — — — — — — —
905 932 934 988 9.69 856 9.75 1247 1671 1481 1854 —
1104 768 774 821 856 560 6.77 7.00 10.02 1297 13.04 14.31
1105 557 555 511 453 623 498 459 — — — —
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Figure 1. High-speed airplane and wing test structure.
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Figure 2. Test structure dimensions. Fuselage stations, wing stations (WS), inches.
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Figure 3. Test structure with heat shields installed.
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Figure 4. Strain gage bridge locations and calibration load points on the test structure. Wing is shown inverted
from the test position.
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(a) Bending strain gage bridge.
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(b) Shear strain gage bridge.

Figure 5. Bending and shear strain gage bridges on the test structure.
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(a) Lower surface heater.

Figure 6. Heating zones for test structure.
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(b) Upper surface heater.
Figure 6. Concluded.
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(b) Lower reflector.

Figure 7. Water-cooled reflectors.
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(c) Torque equations.

Figure 8. Load equation errors as a function of the number of strain gage bridges in each equation.
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Figure 9. Ideal strain gage bridge influence coefficient plots.
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Figure 10. Strain gage bending bridge influence coefficients.
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Figure 10. Continued.
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Figure 11. Concluded.
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Figure 12. Shear loads applied with midcenter of pressure. View of test structure lower surface.
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Figure 13. Comparison of loads computed with room temperature and clevated temperature equations.
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Figure 14. Computed shear equation influence coefficients.
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Figure 15. Computed bending equation influence coefficients.



Equation
influence
coefficient

Equation .
influence
coefficient

Equation
influence
coefficient |

Distance from

8 Strain gages

6 Strain gages

torque axis,
percent of
reference chord
o] 100.0
] 83.3
Reference O 66.7
distances A 50.0
Span 143in. D 33.3
Chord 120in. O 16.7
[ 4 Strain gages [ 2 Strain gages
1 /Ig—o-l-ﬂ‘féro l °__1__.D--¢—I-Dr-b--'ﬁl"O
— _

(b) Room temperature.

Figure 15. Concluded.

r 12 Strain gages [ 10 Strain gages
| | | | J | | | l |
20 40 60 80 100 0 20 40 60 80 100
Distance from bending axis, Distance from bending axis,
percent of reference span percent of reference span 2417

33



Equation
influence
coefficient

Equation
influence
coefficient

Equation .
influence
coefficient |

34

4 Strain gages

Distance from
torque axis,
percent of
reference chord
O 100.0
(m] 83.3
Reference O 66.7
distances Jay
Span 143 in. O
Chord 120in. D

2 Strain gages

|%ﬁl

8 Strain gages

6 Strain gages

O———O\_O
O0———0——0
X e 2 ©
O —L 1N
| &—T10o—0b | | | B— T 576 l |
12 Strain gages 10 Strain gages
o——mO——— o
00— ‘e 0 O —O— —0
O— - 00—
- s & © Aﬂ’>
PaY —
h— - 1N N N
b——mn—0n \ D—F—D———[—D
l | 1 i ] | | |
20 40 60 80 100 20 40 60 80 100
Distance from bending axis, Distance from bending axis,
percent of reference span percent of reterence span a1

(a) Elevated temperature.

Figure 16. Computed torque equation influence coefficients.
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